The present work deals with fretting test apparatus and method. A multi-axis direction fretting fatigue and fretting wear test system is designed in order to simulate fretting fatigue and fretting wear more closely. The multi-axis direction fretting fatigue experiments of point, line and surface contact modes can be realized by different fixture combinations, and the radial/tangential fretting wear experiments can also be realized. It can realize the application of bending alternating load and normal load. The size and frequency of load can also be changed.
Introduction
In general, fretting is the relative motion of a very small range (usually micron) occurring between two contact surfaces. It can cause not only surface wear (fretting wear) between two contact surfaces, but also reduction of fatigue life of the parts (fretting fatigue). These two kinds of damage generally exist in the coupling portion of the material in the field of mechanical industry, nuclear reactor, aerospace vehicle, bridge engineering, automobile, electric power industry, artificial implants, and etc. [1, 2, 3] . Now it has become the main cause of failure of some key parts.
In engineering practice, most fretting parts are under multi-axis fatigue stress and micro-vibration working environment, in which fretting wear and fretting fatigue are interrelated [4] . At present, the researches of fretting test apparatus mainly focus on tangential/radial fretting wear and fretting fatigue caused by unidirectional periodic variable stress, or designed for specific actual coupling parts with fretting [5, 6, 7] . Therefore, the research on the method and apparatus of multi-axis fretting test and fretting damage of materials based on the system micro-vibration condition has a certain guiding role for the design of parts in related fields.
Test System Design
As shown in Figure 1 , the multi-axis direction fretting fatigue and fretting wear test system includes a specimen clamping device, a loading device and a computer control device. The fretting pad 24 is connected to the slider pressing block 8 through a spherical hinge. The slider pressing block 8 is connected with the linear guide rail 6 through a moving pair, and the linear guide rail 6 is fixed on the long guide slide block 18. The middle fulcrum of the pressing rod 13 is connected to the hinge beam 12 through the hinge 22, and the two ends are in contact with the slider pressing block 8 and the cam 14 by high pairs respectively. The stepping motor 5, gear 16, cam 14 and shaft 2 constitute a transmission system, which is installed on the bottom plate through the bearing seat 3. The lower fixture 19/20 is fixed on the bottom plate through thread connection. The lower end of the specimen 15 is vertically fixed by the lower fixture 19/20, and the middle of the specimen contacts with the fretting pad 24 in the two horizontal directions. The fretting pads, slider pressing blocks, linear guide rails, pressing bars, cams, shafts and gears are arranged symmetrically on both sides of the specimen, and the motion of the micro-motion pads is symmetrically transmitted by the stepping motor through the gear pairs. The cams on both sides have the same shape, the push-travel motion angle and return-travel motion angle are equal to 120 degrees, the farthest dwell angle and the nearest dwell angle are equal to 60 degrees, respectively, and the phase difference between the two cams is 180 degrees during installation, so as to realize cyclic loading of bending loads. A pressure sensor, a spring and a ball are mounted successively in the inner chamber of the slider pressing block 8, as shown in Figure 2 . The stiffness coefficient of the spring can be selected in the range of 10 3 to 10 6 N/m, so that the bending loads can be adjusted. By replacing the fretting pad of different shapes, as shown in Figure 3 , point contact/line contact/surface contact can be realized respectively. The upper end of the specimen has different connection methods according to different experiments. The computer control device includes a computer, a control module and a drive module, as shown in Figure 4 . The computer generates driving instructions and transmits them to the control module. After processing, the control module transmits the control instructions to the driving module, and then drives the start, stop, speed and steering of the stepping motor. The control module collects the information of the stepping motor and the pressure sensor at the same time and transmits it to the computer after data processing. 
Testing Method
When realizing the multi-axis direction fretting fatigue test, the lower end of the specimen is fixed by the lower fixture and the upper end is connected with the fixture of an external fatigue testing machine. The suitable fretting pad is installed on the slide pressing block according to the contact mode, and the position of the slide pressing block on the linear guide rail is adjusted to make the fretting pad contact the specimen from the left and right horizontal directions. Adjust the phase angle of the left and right cams to make the phase angle 180 degrees different. The position of the hinge of the middle fulcrum of the pressing bar is adjusted so that the two ends of the pressing bar are respectively pressed on the cam and the slide pressing block.
Start the external fatigue testing machine, send the required parameters from the computer to the fatigue testing machine, and control the fatigue testing machine to impose torsion/tension alternating load on the specimens. Start the stepper motor, send the required parameters to the driving module, then the specimen is loaded with bending alternating load through gear train, shaft, cam, pressing rod, slide pressing block and fretting pad. The alternating bending fatigue load is controlled by spring elasticity and obtained by pressure sensor and then transmitted to the controller module. Load frequency is controlled by motor speed. The values of pressure sensor and motor speed parameters are transmitted to the control module and then to the computer. The test parameters of fatigue testing machine are transmitted directly to the computer. By replacing the different fretting pads shown in Figure 3 , fretting fatigue tests of point, line and surface contact can be carried out respectively.
When fretting wear test is carried out, as shown in Figure. 3, the lower end of the specimen is fixed by a lower fixture, and the upper end is free, forming a cantilever beam structure. The fretting pad with surface contact is installed on the slide pressing block, and the position of the slide pressing block on the linear guide rail is adjusted so that the fretting pad contacts the specimen horizontally. The initial phase of the right side cam is adjusted to zero, and the position of the middle hinge of the right pressing rod is adjusted so that the two ends of the rod are pressed on the cam and the slide pressing block respectively. For the left side, the fretting pad with point/line contact is installed. The left cam is replaced by the corresponding disc. The position of the middle fulcrum hinge of the left pressing rod is adjusted so that the two ends are pressed on the disc and the slide pressing block respectively. The normal load is obtained by the pressure sensor. Start the stepping motor and load the specimen with micro-amplitude vibration in the horizontal direction through the right transmission system. The displacement value can be calculated by the pressure sensor reading and spring elasticity coefficient. The frequency is controlled by the motor's speed. 
Conclusions

1)
The system realizes loading of the bending fatigue load by means of a symmetrical cam mechanism, thereby realizing bending-torsion fretting fatigue test similar to the actual engineering rotating shaft.
2) The spring in the slider pressing block avoids the phenomenon of contact surface detachment caused by material loss due to wear, and the bending load can be adjusted by the spring elastic coefficient and the position of the fulcrum of the pressing rod.
3) The system can realize loading of variable load or constant load by adjusting the cam structure. 4) The system can be connected with an external fatigue testing machine to carry out multi-axis fretting fatigue test, and can also carry out radial/tangential fretting wear test separately, which has considerable versatility.
